Prognosis remains extremely poor for malignant glioma. Targeted therapeutic approaches, including single agent anti-angiogenic and proteasome inhibition strategies, have not resulted in sustained anti-glioma clinical efficacy. We tested the anti-glioma efficacy of the anti-angiogenic receptor tyrosine kinase inhibitor cediranib and the novel proteasome inhibitor SC68896, in combination and as single agents. To assess anti-angiogenic effects and evaluate efficacy we employed 4C8 intracranial mouse glioma and a dual-bolus perfusion MRI approach to measure K trans , relative cerebral blood flow and volume (rCBF, rCBV), and relative mean transit time (rMTT) in combination with anatomical MRI measurements of tumor growth. While single agent cediranib or SC68896 treatment did not alter tumor growth or survival, combined cediranib/SC68896 significantly delayed tumor growth and increased median survival by 2-fold, compared to untreated. This was accompanied by substantially increased tumor necrosis in the cediranib/SC68896 group (p<0.01), not observed with single agent treatments. Mean vessel density was significantly lower, and mean vessel lumen area was significantly higher, for the combined cediranib/SC68896 group versus untreated. Consistent with our previous findings, cediranib alone did not significantly alter mean tumor rCBF, rCBV, rMTT, or K trans . In contrast, SC68896 reduced rCBF in comparison to untreated, but without concomitant reductions in rCBV, rMTT, or K trans . Importantly, combined cediranib/SC68896 substantially reduced rCBF, rCBV. rMTT, and K trans . A novel analysis of K trans /rCBV suggests that changes in K trans with time and/or treatment are related to altered total vascular surface area. The data suggest that combined cediranib/SC68896 induced potent anti-angiogenic effects, resulting in increased vascular efficiency and reduced extravasation, consistent with a process of vascular normalization. The study represents the first demonstration that the combination of cediranib with a proteasome inhibitor substantially increases the anti-angiogenic efficacy produced from either agent alone, and synergistically slows glioma tumor growth and extends survival, suggesting a promising treatment which warrants further investigation.
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Introduction
The most lethal primary brain tumors are malignant gliomas. The most common glioma, glioblastoma (World Health Organization [WHO] grade IV) is an aggressive and robustly angiogenic tumor associated with a median survival of only 12-16 months despite improved treatments and surgical approaches. [1] [2] [3] The limited efficacy of conventional chemotherapeutic agents underscores an urgent need for new therapeutic strategies. While molecularly targeted approaches have been intensively researched in recent years, success is often limited by the redundancy of cellular signaling and the activation of drug resistance mechanisms. [4, 5] Resistance could potentially be circumvented by employing combinations of molecular targets. The anti-angiogenic receptor tyrosine kinase (RTK) inhibitor cediranib targets vascular endothelial growth factor (VEGF), platelet derived growth factor (PDGF) and stem-cell factor receptor (KIT) signaling and is in multiple clinical trials for malignant glioma. [6, 7] We recently reported that Cediranib can effectively reduce 4C8 glioma cell viability in vitro, but it has limited efficacy as a single agent with 4C8 glioma in vivo [8, 9] consistent with other preclinical studies [10] and clinical reports which have indicated that anti-angiogenic monotherapy largely fails to induce a durable response with malignant glioma. [5, [11] [12] [13] [14] [15] [16] Tumors can develop resistance to angiogenic blockade by activating alternative angiogenic pathways or coopting existing vessels in conjunction with increased invasion of brain parenchyma. [5, 12] Additionally, the exacerbation of hypoxic stress by anti-angiogenic treatment can activate a number of stress response mechanisms in tumor cells, such as those involving HIF1 transcription factors, which facilitate adaptation to hypoxia. [17] [18] [19] The current study tested the hypothesis that the combination of Cediranib with the proteasome inhibitor SC68896 substantially enhances in vivo efficacy in 4C8 mouse glioma. Inhibition of the proteasome, a key protein degradation mechanism, is well documented to induce potent anti-angiogenic effects in tumors. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Proteasome inhibition inhibits NFkB, which leads to reduced VEGF and IL-8 expression, critical mediators of angiogenesis. [26, [31] [32] [33] Notably, proteasome inhibition also inhibits HIF1α, which promotes angiogenesis and survival under hypoxic tumor conditions. [17] [18] [19] [34] [35] [36] [37] [38] Numerous studies have reported that proteasome inhibition also inhibits Akt/ mTOR signaling, a signaling pathway which is critically involved in survival, proliferation and angiogenesis. [34, [39] [40] [41] [42] [43] [44] [45] Proteasome inhibition attenuates cell cycle progression and also modulates apoptotic regulatory protein levels, thereby shifting regulation of apoptosis towards cell death. [21, [46] [47] [48] [49] [50] Proteasome inhibitors such as bortezomib (Velcade), have been shown to have significant clinical efficacy in multiple hematologic malignancies such as multiple myeloma and mantle cell lymphoma, but have shown only limited efficacy in solid tumors, including in glioma. [50] [51] [52] [53] However, their unique biological activity profile includes inhibition of key oncogenic signaling mechanisms, and effects on apoptosis, angiogenesis, and proliferation, thus making them good candidates for synergizing with other cancer therapeutics. Various studies have demonstrated potentiation of TRAIL induced apoptosis in various cancer cells via combined proteasome inhibition. [41, 54] To our knowledge, the current study is the first to directly assess the potential enhancement of anti-angiogenic effects on the tumor vasculature, with combined proteasome inhibition and RTK angiogenic blockade. As angiogenesis is a key hallmark of tumor progression in high grade gliomas, it is essential that monitoring changes in the development of neovasculature be incorporated into the assessment of the pathophysiological response to therapy [1, 15] Furthermore, as therapeutic efficacy in glioma is linked to key tumor microenvironment variables such as angiogenesis, drug delivery, the effect of hypoxia on tumor biology, and other critical phenomena, it is important that relevant orthotopic in vivo models are employed to investigate it. In the current study we employed the syngeneic intracranial mouse 4C8 glioma model, which employs immunocompetent mice and promotes a normal tumor-host interaction. Like clinical glioma, the 4C8 model is highly vascular and exhibits aggressive tumor growth with development of core necrosis. [8, 9, 55, 56] To obtain a noninvasive in vivo assessment of the effects of the combined drug regimen, we employed a comprehensive dynamic magnetic resonance imaging (MRI) technique, which assessed tumor vasculature and growth. [8, 56] Dynamic contrast enhanced (DCE) MRI was used to produce high resolution maps of K trans in order to assess vascular extravasation, a key biomarker of tumor neovasculature. Dynamic susceptibility contrast (DSC) MRI was then implemented to measure relative cerebral blood flow and volume (rCBF, rCBV), and relative mean transit time (rMTT). In combination with immunohistological studies of necrosis and vascularization, the current study revealed a synergistic efficacy of combined cediranib and SC68896 in malignant glioma in vivo, resulting in enhanced anti-angiogenic effects and increased survival of treated mice. These findings provide a basis for further studies of this novel therapeutic combination in malignant glioma.
Materials and Methods

Ethics Statement
Mouse studies were conducted with the approval of the Oregon Health and Science University Institutional Animal Care and Use Committee (protocol #IS00001409) and under the supervision of the OHSU department of Comparative Medicine. All surgery was performed under anesthesia as previously described, and all efforts were made to minimize suffering. [8] After glioma cell implantation and during treatments mice were monitored daily. If mice develop signs of toxicity, such as significant changes in general appearance, eating and other behavior, and body weight (loss>20% of initial), or if MRI indicated that tumor size approached maximal (see below), then mice were euthanized by bilateral thoracotomy following CO2 or pentobarbital injection. After dosing by gavage, animals were monitored closely for 10 minutes and again at 12-24 hours, and were euthanized if any clinical signs of distress developed. Anesthesia and animal monitoring/maintenance within the MRI system was as previously described. [8] Cell Culture and Tumor Inoculation
The 4C8 mouse glioma cells were provided by Prof. G. Yancey Gillespie, University of Alabama at Birmingham. The 4C8 cells were originally obtained from Dr. Charissa Dyer, at the Children's Hospital of Philadelphia, Philadelphia, Pennsylvania, and are derived from a clone of a MOCH-1 tumor that spontaneously arose within the brain of a B6D2F1 mouse transgenic for myelin basic protein promoter-driven c-neu. [55] The 4C8 cells were grown as previously described. [8] Female C57BL/6 × DBA/2 F 1 hybrid mice (B6D2F1) were purchased from Charles River Laboratories (Wilmington, MA). Brain tumors were induced by the intracerebral injection of~1 × 10 6 4C8 cells, suspended in DMEM/F12 (5-10μl) using a stereotaxic frame as previously described ( [56] ). 
MRI Procedures
Image Processing
DCE-MRI parameters were computed voxelwise as previously described ( [8] ) using the Extended Tofts-Kety model ( [57, 58] ) with custom pharmacokinetic modeling software, estimating the arterial input function directly from measured tumor curves ( [59, 60] ). Fully relaxed M 0 images were used to compute pre-injection longitudinal relaxation time to enable quantitative estimates of the volume transfer constant K trans (min −1 ).( [56] ) DSC-MRI perfusion parameters were calculated using the Jim software package (Xinapse Systems LTD, Northants, UK) as described in detail previously ( [8, 56, 61] ) resulting in the generation of parametric maps for cerebral blood flow (CBF in ml blood/100g tissue/ minute), cerebral blood volume (CBV in blood volume percentage of total tissue volume), and mean transit time (MTT in seconds). MR images and maps were analyzed using Jim software as described previously.
[56] Tumor volumes and mean parameter values were obtained from the images/maps employing regions of interest drawn at the tumor perimeter, as previously described in Pike et al 2009. [56] Tumor volumes were obtained from the T 2 weighted images. The CBF, CBV and MTT, were reported as relative to contralateral (rCBF, rCBV, rMTT), to reduce measurement error and effects from variations in intracranial pressure, blood pressure, and depth of anesthesia.
Histology
Immunohistological procedures and analysis were described in detail previously. [8] Briefly, after MRI study termination, mice were euthanized and their brains were stored in 10% formalin for 24-48 hours, embedded in paraffin, and sectioned. Slides were processed and stained with Hemotoxylin (Sigma-Aldrich) and Eosin (Sigma-Aldrich) and analyzed for necrotic regions employing a minimum of 3 tumor samples/treatment group, a minimum of 2 tumor sections per tumor and 3 image fields per section. Mean vessel density (MVD) and mean lumen size were quantified within the tumors from CD31 immunostained sections, employing a minimum of 3 tumors per treatment group, with 2 sections per tumor and 3-6 adjacent 10X fields per section. The number of CD31 stained vessels per field were averaged to obtain MVD. Lumen areas were quantified in vessels with visible lumens in which the entire circumference of the vessel wall was visible, using the Jim software package. To assess apoptosis, cleaved caspase-3 positive cells within viable (non-necrotic) tumor tissue were quantified in cleaved caspase-3 stained immunohistochemical sections (Cell Signaling #9664, rabbit monoclonal, dilution 1:2000). Additional sections were stained for Ki67 (Cell signaling #1222, rabbit monoclonal, mouse specific, dilution 1:400). Both the caspase-3 and Ki67 immunostains were visualized using biotinylated secondary antibodies, avidin-biotin peroxidase complex, and DAB as the chromogen. The percentage of Ki-67 positive nuclei within the tumors was determined using the ImmunoRatio application within Image J. [62] The cleaved caspase-3 and Ki67 analyses both employed 2-5 tumors per treatment group, with 2 sections per tumor and 3-6 adjacent 10X fields per section. With all histological analyses, data from the analyzed visual fields within a given tumor were first averaged to obtain individual tumor averages, which were then employed for statistical analysis and averaged to obtain treatment group means. All of the above histological analyses were implemented under the guidance of experienced neuropathologists (MRG and RLW).
Statistics
Values are expressed as mean ± SEM. For dynamic MRI parameters (except K trans ), the twotailed Student's t test (Graphpad Prism 6, La Jolla, CA), was employed to test for differences at 0, 10±2 days after tumor growth initiation versus untreated (time points corresponding to 3 surviving mice). The one-tailed Students t test was employed in the statistical analysis for mean tumor K trans . Differences in median survival were tested using the log-rank test. The two-tailed Students t test with Welch's correction was employed for the histological analyses. Mouse treatment began on day 1, and notably cediranib or SC68896 single agent treatment had no effect on tumor growth. In contrast, tumors in mice treated with the cediranib/SC68896 combination grew at a significantly lower rate, with 60% smaller tumors than vehicle-treated at 10 days. Confirming this are the mean exponential growth rate constants obtained from exponential fits to individual tumor growth curves shown in Fig 1C, indicating a significantly lower growth rate (in days ence of a resistive angiogenic tumor rim in response to cediranib treatment. In contrast, both single agent SC68896 treatment, and the combined cediranib/SC68896 treatment, decreased overall tumor rCBF, and effectively reduced rCBF in the tumor rim. 2-2.6 were observed for the four treatment groups (Fig 3A) . The mean tumor rCBF increased substantially with tumor growth in vehicle-treated mice. Fig 3B shows that the rCBV increased faster than rCBF in vehicle-treated tumors, which suggests a progression to a more chaotic and inefficient vascular network. Further supporting this is that rMTT, a parameter inversely related to vascular efficiency ( Fig 3C) and is defined by the relation MTT = CBV/ tumor. The differences observed between the two groups in rCBV and rMTT occurred despite the generally similar patterns of rCBF in the same tumors (Fig 2) . Both SC68896 and combined cediranib/SC69986 reduced rCBF in comparison to the untreated tumor, but SC69986 monotherapy induced this effect without decreasing rCBV, rMTT or K trans , consistent with the mean values for the experimental groups shown in Fig 3. The data suggest a maintenance or exacerbation of tumor vasculature inefficiency with SC68896 treatment. In contrast, combined cediranib/SC68896 treatment also reduced flow but at the same time reduced vascular extravasation and improved flow efficiency, possibly suggesting a vascular remodeling process which induces a more normal tumor vascular phenotype. Because of similarities between the rCBV and K trans timecourses (Fig 3B and 3D) indicates typical tumor CD31-stained tumor sections from each of the treatment groups. Mean vessel density (MVD) was determined, and vessel lumen areas were measured from vessels with quantifiable lumens, constituting 28±17% (SD) of vessels observed. Vessel lumens which were too small to be measured, or not completely visible in cross section, were not quantified. Hence the quantified vessels likely only included the larger capillaries, as well as small arteries and veins/venules. Fig 6B indicates a substantially and significantly reduced MVD for the combined cediranib/SC68896 treatment group in comparison to untreated. Fig 6C indicates that the vessel lumen size significantly increased for the cediranib/SC68896 group in comparison to untreated, exhibiting lumen areas almost threefold larger. Collectively, the graphs in Fig 6B  and 6C suggest an association between increasing lumen size and MVD reduction.
Results
Fig
To investigate the effect of the treatments on tumor cell death the percent tissue necrosis was quantified from the H&E stained sections, and apoptotic cell death was quantified in viable tissue from cleaved caspase-3 stained sections. Fig 7A and 7B , show a marked increase in percent tissue necrosis with cediranib/SC68896 combination treatment in comparison to all other treatment groups (p<0.01). Fig 7C and 7D indicate that in viable (non-necrotic) regions, relatively few cells stained positively for cleaved caspase-3, and significant differences were not observed between experimental groups. Higher levels were generally observed within necrotic regions but were not quantified to avoid masking effects within viable tissue and because of significant contributions from nonspecific staining. To assess cell proliferation, the percent of cells which stained positively for Ki67 was quantified, as shown in Fig 8. Generally high and similar levels of cell proliferation were observed across the experimental groups, and significant differences were not observed. 
Discussion
The dismal prognosis for malignant glioma necessitates development of new therapeutic strategies. Single agent anti-angiogenic treatment, with either small-molecule or large-molecule therapeutics, has generally been shown to be of limited efficacy in glioma. [5, [11] [12] [13] [14] [15] [16] The current study is predicated on the concept that anti-angiogenic and anti-tumor efficacy can be achieved via rational combinations of molecularly-targeted agents. We employed a unique perfusion MRI approach to quantitatively investigate the in vivo anti-vascular and anti-tumor effects of the novel cediranib/SC68896 combination using the syngeneic 4C8 intracranial mouse glioma model. SC68896 was employed in the current study due to its documented ability to exert antiglioma activity in vivo in a mouse experimental xenograft, in contrast to bortezomib. [49, 53, 63] It has been shown to effectively inhibit the proteasome in glioma cells, inducing accumulation of p21 and p27 proteins, cell cycle arrest, caspase cleavage, and induction of apoptosis. Consistent with our previous findings with cediranib in 4C8 glioma, we found that single agent cediranib did not affect tumor growth or survival, suggesting resistance of intracranial 4C8 glioma to cediranib, modeling what has been observed clinically. Similar to our previous observations, we observed a tendency for cediranib to more effectively target the tumor core vasculature than the tumor rim, which often exhibited a compensatory neovascularization response. However, mean tumor perfusion MRI tumor parameters were not significantly altered from untreated. Similar to cediranib, SC68896 also did not affect 4C8 tumor growth or survival as a single agent, differing from a previous report, which noted a measurable extension of mouse survival with a different glioma model. [49] Our perfusion MRI data however, revealed that SC68896 substantially reduced mean tumor rCBF in comparison to untreated, showing more efficacy in this regard than cediranib. Most interestingly, SC68896 did so without substantially reducing rCBV, suggesting that the reductions in rCBF were accompanied by decreased vascular efficiency, an observation supported by the high levels of mean rMTT that were also observed. High K trans levels were also observed, indicating increased contrast agent extravasation. Although the specific etiology is unknown, these data indicate that SC68896 substantially impacted tumor vascular development, consistent with an exacerbation of vascular abnormality. In contrast to our observations with the single agent treatments, combined cediranib/ SC68896 substantially delayed tumor growth, doubled median survival, and greatly increased tumor necrosis, clearly indicating an effective synergy between the agents. The perfusion MRI data also indicated that a strong synergy exists in regards to anti-angiogenic effects. The increases in rCBF, rCBV, rMTT, and K trans with tumor growth that were observed in the untreated and other groups were entirely prevented by the combination, resulting in substantially reduced values of all of these parameters at advanced stage of tumor growth in comparison to untreated. The relatively low rCBV and rMTT values are consistent with an increased vascular efficiency in the combination group in comparison to untreated. As demonstrated in Figs 3 and 4, prominent differences in rCBV and rMTT were also observed between the SC68896 and cediranib/SC68896 groups. Further evidence for vessel remodeling with cediranib/SC68896 was provided by the immunohistochemical analysis, which indicated that the treatment significantly reduced MVD to levels almost half that of untreated, in tandem with a near tripling of mean vessel lumen area. Aspects of the changes in vascular properties that we observed with cediranib/SC68896 treatment are consistent with what is sometimes called a "normalization" of the tumor vascular phenotype, an effect which can which can occur during an early time window of anti-angiogenic treatment. Vascular normalization generally refers to an increased vascular efficiency due to a pruning of chaotic, dilated, and permeable tumor vasculature in favor of more organized, homogeneous, and efficient vasculature. [10, 12, 64, 65] While preclinical and clinical evidence for this effect has accumulated, its extent and the time window over which it occurs is highly variable and model dependent, with a notably short time window in orthotopic rodent models. [10, 64, 65 ] Improved vascular efficiency is not synonymous with increased blood flow, and there are relatively few reports of improved CBF during a normalization window. [66] A salient feature of vascular normalization, in addition to increased vascular efficiency, is decreased vascular extravasation leading to a reduction of interstitial fluid pressure, which purportedly improves vascular efficiency and delivery of oxygen, nutrients and drugs. The marked reduction in K trans that we observed with the combined cediranib/ SC68896 treatment, indicates reduced vascular extravasation which may contribute to increased vascular efficiency as indicated by the reduced rMTT. Conversely SC68896 treatment induced an elevated K trans concomitant with elevated rMTT and low rCBF, possibly resulting from increased vascular extravasation and interstitial fluid pressure. Consistent with the normalization concept, cediranib/SC68896 improves vascular efficiency, reduces vascular extravasation, and also prunes the vasculature as indicated by the reduced MVD and rCBV. Our study shows that the restriction of rCBF, rCBV and K trans increases continues to day 25 in the combined treatment group. A tendency for decreased rCBF was observed at day 25, which in combination with an unchanged rCBV, resulted in a moderately increased in rMTT. Because neither rCBF or rCBV increased, this does not represent a developing resistance to anti-angiogenic effects, but instead suggests that while the optimum vascular efficiency observed during the combined treatment period was at day 10, the vascular remodeling process continued to the late tumor stage, limiting the increases in vascular extravasation, flow and volume. Our observation of increased lumen size in the combined cediranib/SC68896 treatment group is not typically reported in connection with normalization, which generally is associated with reduced vessel diameter. While this aspect may differ from the classic description of vascular normalization, it is not unexpected. A pruning of excess and inefficient vasculature might be expected to increase flow and lumen diameter in the remaining larger blood vessels, those which were primarily assessed by the lumen analysis. The observation that cediranib/SC68896 treatment uniquely reduced the panel of MRI parameters in Fig 3 and was the only treatment to significantly alter MVD and lumen size further supports the concept that they are interconnected and represent different aspects of a vascular remodeling process. Our study employs a novel strategy to distinguish the extent of vascular extravasation from permeability itself. While the term permeability is often employed broadly, ie a measure of extravasation from the vasculature, we use it in the strictest sense [the probability for CA capillary escape per unit time, independent of the total capillary surface area, S]. Permeability is measured by P CA or k pe . On the other hand, K trans is the P CA S product. [67] Hence, vascular extravasation and permeability represent different quantities, with the former being dependent on permeability but also on the extent of surface area. Our comprehensive dual-bolus DCE/ DSC MRI approach enabled calculation of the K trans /rCBV ratio (S1 Appendix), which is proportional to P CA (the permeability coefficient) and also to k pe , the (unidirectional rate constant for CA extravasation). Because K trans /rCBV is relatively stable over time and exhibits largely similar values for the experimental groups (Fig 5) , it suggests that P CA and k pe changes play a relatively minor role in the evolution of different K trans values with tumor progression, and under the various treatment conditions. It should be noted that average capillary diameter (d) factors into the relationship between K trans /CBV and P CA (S1 Appendix). We determined that the lumen area of the larger vessels differed between certain treatment groups, but most capillary lumens could not be measured, and hence the inter-group variation of capillary size is unknown. is actually a measure of the extent of vascular extravasation. Our study documented an in vivo synergy between cediranib and SC68896 in slowing glioma tumor growth, extending survival, inducing tumor necrosis, and remodeling the vasculature. Further studies are required to define the underlying mechanisms which drive this synergistic interaction. Our observation of anti-angiogenic synergy could be explained by the known effects of proteasome inhibition on angiogenic signaling which may effectively complement those of cediranib. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Concomitant with a vascular normalization process, improved drug delivery may then occur, resulting in increased anti-glioma efficacy. The synergy is likely to derive from more than anti-angiogenic effects alone however, as various biological effects resulting from proteasome inhibition could induce synergism with the anti-angiogenic RTK inhibitor cediranib. Proteasome inhibitors create a pro-apoptotic cellular environment, through their effects on critical apoptotic regulatory proteins. Recently, the efficacy of proteasome inhibitors has been related to cell death triggered by the unfolded protein response, which is induced by ER (endoplasmic reticulum) stress, a condition prevalent under hypoxic conditions, and thus potentially, anti-angiogenic treatment. [46, 47, [70] [71] [72] [73] Proteasome inhibitors also inhibit the HIF1α transcription factor, which drives critical aspects of the cells' defensive response to hypoxia. [17] [18] [19] [34] [35] [36] [37] [38] Possibly of importance in regards to synergistic interactions is inhibition of Akt/mTOR signaling, which also is critically involved in angiogenesis, survival and proliferation. Notably, proteasome inhibition has been shown to inhibit Akt/mTOR signaling. [34, [39] [40] [41] [42] [43] [44] [45] We have shown that cediranib also inhibits Akt in 4C8 glioma, consistent with that reported for U251 glioma. [6, 9] Recently, a study reported that sunitinib, a receptor tyrosine kinase inhibitor which like cediranib targets VEGF, PDGF and c-Kit signaling, can effectively sensitize metastatic melanoma cell cultures to bortezomib treatment and cause a synergistic reduction in cell viability through a combined inhibition of the pro-survival PI3K/Akt signaling pathway. [44] Akt inhibition was also strongly implicated in the synergistic interaction observed between bortezomib and sorafenib, a receptor tyrosine kinase inhibitor targeting Raf, VEGF and PDGF signaling, in a variety of solid tumor models in vitro including renal cell cancer, cervical cancer, breast cancer, hepatocellular carcinoma and glioma. [45] Notably, they also reported that the combined agents synergistically reduced phosphorylation of VEFG receptor-2 and PDGF receptor-β in chronic myelogenous leukemia cells. The potent effect on these critical angiogenic targets with combined proteasome and VEGF/PDGF RTK inhibition is consistent with the synergistic anti-angiogenic effect of cediranib/SC68896 observed in the current study. Furthermore, the markedly increased necrosis which we observed with combined cediranib/SC68896 would be consistent with an increased induction of cell death through effects on the various cell survival mechanisms discussed above. The increased regional necrosis with cediranib/SC68896 was observed in tandem with unchanged viable tissue levels of cleaved caspase-3, suggesting that the combined treatment promoted cell death heterogeneously within the tumor tissue. This is consistent with the known heterogeneity of high-grade glioma, in terms of vascularity, hypoxia, and necrosis, which is well replicated by 4C8 glioma. [1, 8, 9, 56] The mean percent tumor necrosis we observed in our study, varied between~2-12% in the various treatment groups. In a recent study quantifying tumor characteristics in 83 glioblastoma patients, percent necrosis at the time of diagnosis was found to be highly variable, with a mean of 19% of tumor volume. [74] The somewhat lower values observed in our intracranial mouse glioma study could be related to the substantial difference in tumor volume and/or the time over which tumor growth evolved. Differences in Ki67 were not detected between experimental groups, suggesting that the synergistic cytotoxicity of cediranib/SC68896 is unrelated to a reduction in cell proliferation. The absence of a detectable difference could also be related in part to the late tumor stage at which histology was obtained, as differences in the rate of tumor growth were more obvious at earlier stages (Fig 1) . While further studies are required to unravel the underlying mechanisms, our study, using a highly vascular mouse model of malignant glioma, provides the first direct in vivo evidence that proteasome inhibition greatly enhances the anti-tumor/anti-angiogenic effect of a VEGF/PDGF RTK inhibitor. Given the potent resistance of malignant glioma to antiangiogenic treatment, and the documented failure of bevacizumab or small molecule RTK antiangiogenics to extend clinical survival, our study provides compelling evidence for the potential utility of combined proteasome inhibition. [5, [11] [12] [13] [14] [15] [16] In conclusion, our results indicate that combined cediranib/SC68896 treatments synergistically induce reduced tumor growth, improved survival and increased tumor necrosis in intracranial 4C8 glioma. The combination effectively induced potent anti-angiogenic effects, reducing rCBF, rCBV, rMTT and K trans in comparison to untreated, consistent with a process of vascular normalization. Our studies provide a rationale for further exploration of this unique therapeutic approach in the clinical setting for malignant glioma.
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